Embryo-induced signaling pathways are considered to be important for initiation and sustenance of pregnancy.
INTRODUCTION
Embryo implantation is a highly dynamic process regulated by a cohort of interactions between the incoming blastocyst and the hormone-primed uterus. Elucidation of the role of ovarian hormones, especially progesterone, in endometrial receptivity has been a topic of intense research for decades [1] [2] [3] [4] [5] [6] [7] [8] . In contrast, studies illustrating the role of embryonic influences on structural and molecular profiles of endometrium are sparse, and most data on this aspect of endometrial receptivity have been gathered from rodents [9, 10] . There also exists a wealth of information on embryo-endometrial interactions during early pregnancy in ruminants [11] [12] [13] [14] . Extensive studies by Spencer and colleagues [15] [16] [17] have provided significant insights on these aspects in sheep; however, the mechanisms underlying the establishment of pregnancy in primates may differ compared with those in sheep and other ruminants. It is well established that the conceptus lies longer as a free-floating entity in uterine horns of sheep, whereas immediate attachment of the hatched embryo to the uterus occurs in primates. Also, the mode of placentation differs in primates and ruminants [18] .
It is not often feasible to undertake in vivo studies to elucidate the events occurring during preimplantation and implantation stages of pregnancy in humans because of ethical constraints. Although good alternatives, in vitro human embryo-endometrial coculture studies may not completely simulate the complex phenomenon of human implantation [1, 19] . These constraints prompted investigators to use subhuman primate models such as rhesus monkeys, marmoset, and baboon for early pregnancy research [20] [21] [22] [23] . However, these species differ from humans with respect to the day of initiation of implantation. In bonnet monkeys (Macaca radiata), implantation is initiated on Day 7 after ovulation, a time point approximating the day of implantation in humans [24] . Considering this, we developed a bonnet monkey model to investigate the molecular and structural changes induced by a preimplantation-stage embryo on Day 6 after ovulation in endometrium just before attachment. Preimplantation factor (PIF) was used as a surrogate marker of pregnancy. The usefulness of the PIF assay in detecting early pregnancy in bonnet monkeys has been shown previously by our group [25] . Our previous investigations have hinted that angiogenic, immunomodulatory, and proliferative pathways become operative even before intimate physical contact is established between the blastocyst and endometrium. Valuable information has been gained from these studies [24] [25] [26] [27] on the expression pattern in gestational endometrium of those molecules (e.g., prolactin, alpha smooth muscle actin, transforming growth factor beta and its receptor, tumor necrosis factor and its receptor, etc.) previously investigated only for their hormonal regulation and/or possible role in endometrial receptivity. However, it is possible that embryonic signaling modulates the expression of several other molecules that have never been investigated for their role in early pregnancy.
In the present study, a cDNA fragment (named GGI) encoding a region of endometrial cAMP-dependent protein kinase A (PKA) regulatory type I alpha (tissue-specific extinguisher 1) (PRKAR1A) was identified in endometrium using differential display (DD) RT-PCR. Endometrial GG1 cDNA was found to be overrepresented in gestational endometria of bonnet monkeys on Day 6 after ovulation, a stage representing very early pregnancy. A lack of data on the expression pattern of PKA in endometrium during the periimplantation period in primates prompted us to characterize the GG1 fragment at the molecular level and to investigate its hormonal regulation.
MATERIALS AND METHODS

Animal Experimentation
The use of animal and human samples was approved by the respective ethics committees of the institute. The Committee for the Purpose of Control and Supervision of Experiments on Animals, Ministry of Social Justice and Empowerment, Government of India, approved the study. The use of human samples for the present study was approved by the institutional ethics committee for clinical research.
Bonnet Monkeys
Fifteen female bonnet monkeys showing two consecutive ovulatory menstrual cycles of 28-30 days were included in the study. The circulatory levels of progesterone and estradiol were measured by specific radioimmunoassays [28] . Regularly cycling female bonnet monkeys (n ¼ 6) with normal hormonal profiles (peak levels, 300-600 pg/ml for estradiol and 3-6 ng/ml for progesterone) were mated with males of proven fertility for 6 continuous days starting 2 days before the expected estradiol peak. The control group included 9 nonmated animals. Early pregnancy was detected in mated bonnet monkeys on Day 6 after the estradiol peak using the PIF bioassay as reported elsewhere [25] . Briefly, heat-inactivated serum was incubated with a mixture of lymphocytes and platelets collected from blood of O Rh-positive male donors, anti-CD2 antibody, and rabbit complement. More than 9% of lymphocyte-platelet rosettes indicated a positive PIF reaction [29] . PIF-positive animals were considered pregnant, while PIFnegative animals were considered nonpregnant. Circulatory hormonal profiles and histological features of endometria from the animals in both groups were described in our earlier study [25] . Endometrial biopsy specimens were collected on Day 6 after ovulation from pregnant (n ¼ 6) and nonpregnant (n ¼ 6) animals. Endometrial biopsy specimens were also collected from three nonmated animals in the proliferative phase of the cycle when the circulatory levels of estradiol were .150 pg/ml. Part of the tissue was fixed in 10% neutral buffered formalin and processed for routine paraffin embedding and sectioning. Sections of 5-lm thickness were cut and mounted on 0.1% poly-L-lysine (Sigma, St. Louis, MO)-coated slides for immunohistochemical analysis. The remaining tissue was stored at À708C for RNA extraction.
Humans
Women attending the INKUS IVF Centre were admitted to the study after obtaining their informed and written consent. Endometrial biopsy specimens were collected during the midluteal phase from four women. Samples were collected from two proven fertile women and two regularly cycling healthy female partners of infertile couples. Routine semenology tests by the andrologist had revealed abnormal semen profiles in their male partners. They either had low sperm count (,20 million/ml), very low sperm motility (,50% sperm with forward motility), or abnormal sperm morphology (,30% with normal forms). Estradiol and progesterone levels on the day of biopsy in these women did not show any significant deviation from the expected levels. The mean 6 SD estradiol and progesterone levels during the midluteal phase were 200 6 30 pg/ml and 11.5 6 1.0 ng/ml, respectively.
RNA Extraction
Total RNA samples were extracted from endometrial biopsy specimens or aspirates from bonnet monkeys or humans using the RNeasy Minikit (Qiagen, Studio City, CA) according to the manufacturer's instructions. RNA samples were treated with RNase-free DNase I (Roche, Mannheim, Germany) at 378C for 15 min and were repurified through RNeasy Minikit columns. All RNA samples were first normalized for b actin using the protocol described elsewhere [30] . For cDNA samples synthesized using oligo dT, b actin was used for normalization, and for quantitative PCR and RT-PCR studies, samples were normalized for 18S rRNA transcript levels.
DD-RT-PCR Analysis
The DD-RT-PCR was carried out using the protocol described by Liang and Pardee [31] with some modifications. The RNA Image Kit 1 (GeneHunter Corp., Brookline, MA) was used for DD-RT-PCR analysis. The V1 primer was custom synthesized by Gibco BRL (Life Technologies, Gaithersburg, MD). All reactions were carried out thrice for all samples. Endometrial RNA from pregnant and nonpregnant animals (n ¼ 3 each) was reverse transcribed into cDNA using V1 as the oligo dT primer (Table 1 ) and the Universal Riboclone cDNA Synthesis Kit (Promega, Madison, WI). The cDNA samples transcribed using endometrial RNA samples from pregnant and nonpregnant samples were normalized for b actin transcript levels. These cDNA samples were used as templates in the DD reaction performed per the protocol by the manufacturer of the RNA Image Kit 1. The 10 lCi of 32 P-labeled dATP used in the reaction had a specific activity of 3000 Ci/mM (BRIT, Hyderabad, India). A combination of HAP2 and HT11G primers was used for the DD-RT-PCR reaction. HAP2 and HT11G primers contained HindIII restriction site sequences to facilitate cloning. HT11G primer also contained the oligo dT sequence at its 3 0 end. The reaction mixture was incubated at 948C for 2 min. The mixture was subjected to 40 cycles at 948C for 30 sec, 558C for 30 sec, and 728C for 1 min in an MJ Research (Ramsey, MN) thermal cycler. The reaction was completed with extension conditions at 728C for 10 min. Following PCR amplification, the samples were analyzed on a 6% nondenaturing polyacrylamide gel. The gel was dried along with the Whatman paper under vacuum and was exposed to an autoradiographic film (GE Healthcare, Buckinghamshire, UK).
After analysis of the autoradiogram, Whatman pieces with the bands exhibiting differential expression by at least 2-fold were excised from the gel. DNA was eluted by boiling the dried Whatman pieces in 100 ll of water for 10 min. DNA was ethanol precipitated, dried, and resuspended in 10 ll of sterile water. The excised fragment was then reamplified by PCR using the HAP2 and HT11G primers under the same conditions as already described except that the radioisotope was omitted from the reaction. The fragment was eluted from the gel by passing it through DNA elution columns (Millipore, Bedford, MA) and centrifuging at 5000 rpm for 10 min. The fragment was subcloned in pGEMT vector (Promega). The positive clones were subjected to nucleotide sequence analysis commercially.
In Silico Analysis
All cDNA homology searches were carried out with BLAST software. This program is available through the National Center for Biotechnology Information database (http://www.ncbi.nih.gov/BLAST/). 
Primer Design
Sequences of all primers were deduced from their respective genes or gene fragments using Primer3 version 0.3.0 (http://primer3.sourceforge.net/). Accession numbers of the sequences of human PRKAR1A and prostaglandinendoperoxide synthase 2 or cyclooxygenase 2 (PTGS2) used for primer designs are NT_010641, NM_002734, and NM_000963.
Human Endometrial Explant Cultures
Endometrial tissues were transferred to the laboratory in sterile Dulbecco modified Eagle medium (DMEM) (Hi Media, Mumbai, India) containing 10% fetal calf serum (FCS) (Invitrogen, Carlsbad, CA) on ice and were then incubated in fresh DMEM medium for 2 h at 378C. The tissues were cut in 2 3 2-mm pieces. The tissues (two pieces each) were incubated with 10 À8 M estradiol (Sigma) or 100 ng/ml of human chorionic gonadotropin (hCG) (a kind gift from Dr. A.F. Parlow, National Hormone and Peptide Program, Torrance, CA) or 10 À8 M estradiol þ 100 ng/ml of hCG prepared in 1.0 ml of DMEM medium containing 10% steroid-stripped FCS (Sigma) at 378C for 14 h. In the control cultures, 0.001% distilled ethanol was used in place of hormones. One piece of the cultured tissue for each treatment group was fixed in 10% neutral buffered formalin for immunohistochemical analysis, while the other piece was stored at À708C for RNA extraction.
RT-PCR Analysis
The relative levels of GG1 and PTGS2 transcripts in human (n ¼ 4) or monkey (n ¼ 4 each for the pregnant and nonpregnant groups) endometrial samples were measured by RT-PCR with gene-specific primers (Dg1 and Dg2 primers for GG1 and COX-2.1 and COX-2.2 for PTGS2) using Amersham RT-PCR beads (GE Healthcare) per the manufacturer's protocol. The RT-PCR was carried out under the following conditions for 35 cycles: 408C for 30 min, 958C for 5 min, 958C for 1 min, 558C for 1 min, and 728C for 1 min 30 sec. The final extension was carried out at 728C for 10 min. The PCR products were run on 1%-2% agarose gels, stained with ethidium bromide, visualized under a UV transilluminator, and quantitated using the GelPro Analyzer 3.1.00 (Media Cybernetics, Silver Spring, MD). The ratio of GG1 to 18S rRNA band intensities was calculated for each sample. The two bands for the GG1 fragments (;600 and 800 base pair [bp]) observed in RNA samples extracted from estradiol-treated human endometrial explants were eluted from the agarose gel and sequenced commercially.
The amplification of the 2.3-kilobase (kb) fragment containing the regions covering the GG1 sequence was performed using the BD Advantage Polymerase Kit and the BD Advantage GC PCR Kit (BD Pharmingen, Heidelberg, Germany) with Dg5 and Dg6 primers. R3.1/3.2 primers spanning the intronic regions of the human IGF2 gene were used to ascertain whether the RNA samples were contaminated with genomic DNA. The reaction mixture was incubated at 508C for 45 min, followed by incubation at 958C for 2 min. The amplification was carried out under the following conditions: denaturation at 958C for 30 sec, annealing at 608C for 1 min, and extension at 688C for 3 min. The reaction was carried out for 35 cycles. The final extension was performed at 688C for 10 min.
Northern Hybridization
The size of the transcript encoding GG1 was determined by hybridizing 32 P-labeled GG1 fragments (2 3 10 6 cpm) (specific activity of 32 P-labeled dATP, 4300 Ci/mM; BRIT) to multiple-tissue Northern blot (Clontech, Palo Alto, CA) according to the manufacturer's protocol. The blot was dried, exposed to autoradiographic film at À708C overnight, and developed.
Quantitative Real-Time PCR Total RNA samples extracted from endometrial biopsy specimens from bonnet monkeys were converted to cDNA using the High Prime cDNA Synthesis Kit and random hexamers from Applied Biosystems (Foster City, CA). Biplex real-time PCRs were carried out using FAM (6-carboxy fluorescein)-labeled TaqMan probes for PRKAR1A or PTGS2 and VIC (patented by Applied Biosystems)-labeled TaqMan probes for 18S rRNA (primer probes were purchased from Applied Biosystems) in a 7900 HT realtime PCR machine (Applied Biosystems). 18S rRNA was used as an endogenous control or normalizer for the RNA input. Relative quantity of PRKAR1A or PTGS2 transcripts was determined using RQ Manager software (Applied Biosystems). Relative fold change or relative expression was calculated using the DDCt method. In the DDCt method, the expression of the gene of interest is normalized against the endogenous control. The given difference (DCt) for the experimental sample (pregnant animal in this study) was then subtracted from the DCt value for the calibrator sample (nonpregnant animal), resulting in the DDCt value. Pregnant and nonpregnant groups had four animals each. Real-time PCR reactions were carried out in triplicate for each sample. The mean 6 SEM DCt values for PRKAR1A were 5.75 6 2.36 for pregnant animals and 13.44 6 0.28 for nonpregnant animals. The mean 6 SEM DCt values for PTGS2 were 9.90 6 1.48 for pregnant animals and 21.07 6 0.78 for nonpregnant animals. Relative fold change or relative expression was calculated from the DDCt value using the following formula: Relative Expression ¼ 2 (À[pregnantÀnonpregnantDDCt] ) . Values were expressed as relative expression 6 SEM.
Immunohistochemical Analysis
Endometrial sections deparaffinized in xylene were immunostained with specific polyclonal antibodies against PRKAR1A, protein kinase alpha catalytic subunit (PRKCA), and PTGS2 (Santa Cruz Biotechnology, Santa Cruz, CA). The protocol used for immunostaining has been described elsewhere [32] . In brief, the sections (n ¼ 5 from each sample) were incubated with either mouse anti-PRKAR1A, rabbit anti-PRKCA, or rabbit anti-PTGS2 antibodies (diluted 1:20 in PBS) at 48C overnight. In control sections, antibodies were replaced by rabbit serum or SP20 myeloma cell culture supernatant. This was followed by treatment with anti-rabbit or anti-mouse biotinylated secondary antibodies (diluted 1:200 in 1% normal serum in PBS) for 2 h at room temperature. The sections were treated with avidin-biotin complex prepared in PBS as recommended by the manufacturer (Santa Cruz Biotechnology). The immunoprecipitates were detected by incubation with the chromogen diaminobenzidine for 10-15 min. The reactions were stopped in water, dehydrated, and mounted in DPX medium. The sections were viewed under brightfield using an Olympus B60 microscope (Olympus, Tokyo, Japan).
Statistical Analysis
The intensities of the colored precipitates in immunostained sections were evaluated using image analysis software (BioVis 1.42; Expert Vision Labs, Mumbai, India). Briefly, integrated optical densities (IODs) were calculated using this software for four areas per animal. Negative control slides were analyzed similarly. The IODs of the negative control (without antibody) were subtracted from the IODs for each animal in the two groups. The mean 6 SD and SEM were calculated for each group. Statistical analysis for endometrial PRKAR1A expression in bonnet monkeys was performed using one-way ANOVA with Bonferroni post hoc analysis. Statistical analysis for in vitro culture studies was performed using one-way ANOVA with Tamhane T2 post hoc analysis for groups with equal variances not assumed. For quantitative PCR studies, nonparametric Mann-Whitney U-test was applied, followed by Bonferroni post hoc analysis.
RESULTS
Identification and Characterization of the GG1 Fragment, a cDNA Fragment Displaying Differential Expression in Endometrium During Early Pregnancy
The DD-RT-PCR utilizing various combinations of random and oligo dT primers revealed differential expression of a number of cDNA fragments in the endometria of bonnet monkeys during early pregnancy. Of these, a cDNA fragment of approximately 600 bp (named GG1) was found to be upregulated by at least 2-fold (as evaluated by densitometry analysis of the bands on the autoradiogram of DD-RT-PCR products) in endometrial samples from the pregnant animals compared with those from the nonpregnant animals (Fig. 1A) . The fragment was eluted from the gel, reamplified using HAP2 and HT11G primers, cloned in pGEMT vector, and sequenced. On subjecting the sequence to BLAST search, the fragment was found to have 97% homology to the sequence of PRKAR1A (accession numbers NG_007093 for Homo sapiens and AC197938 for Macaca mulatta). The sequence of this fragment from M. radiata was submitted to GenBank (accession number FJ196641). Within the GG1 sequence, 309 bases showed 99% and 100% homology to the cDNA clones of the same gene in rhesus monkeys and humans, 1174 respectively (accession numbers AK312307 for H. sapiens and XM_001112547 predicted for M. mulatta).
A radiolabeled GG1 cDNA fragment was used as a probe to detect the corresponding transcript in RNA samples from various human tissues. A transcript of 3.0 kb was identified in spleen, testis, uterus, thymus, peripheral blood leucocytes, prostrate, small intestine, and colon. In addition to the 3.0-kb fragment, a faint 1.5-kb fragment was detected in most of the tissues, with maximum expression in the testis (Fig. 1B) . This indicated that GG1 indeed represented a region of the transcript encoding PRKAR1A and that it was not a spurious amplification product of DD-RT-PCR.
The RT-PCR studies also revealed a 2.1-fold increase in the levels of endometrial GG1 transcripts in pregnant animals compared with those in nonpregnant animals. It should be noted that some of these samples were collected from the sets of animals, different from those used for DD-RT-PCR. The cDNA samples from pregnant and nonpregnant animals were normalized for 18S rRNA expression, and the ratio of GG1 to 18S rRNA for each sample was used to compare the relative levels of GG1 expression (Fig. 1C) .
Identification and Characterization of the Sequences Upstream to GG1
Sequence alignment studies using the chromosomal cDNA and GG1 sequences as templates revealed complete homology of approximately 258 bases of GG1 at the 5 0 end to intron 6 of human PRKAR1A (Fig. 2A) . The rest of the sequence was contiguously homologous to exons 7 (60 bases), 8 (121 bases), and 9 (85 bases) and a region of exon 10 (43 bases) of PRKAR1A, with no intervening intronic sequences (Fig. 2B) .
A 2.3-kb fragment spanning exon 6 and intron 6 of PRKAR1A was amplified using a forward primer deduced from the 5 0 end of exon 6 (Dg5) and a reverse primer deduced from the 3 0 end of intron 6 (Dg6) of PRKAR1A using RT-PCR (Fig.  2C) . Failure of the amplification of the intronic sequence of IGF2 using primers R3.1 and R3.2 indicated that the template was free of genomic DNA contamination (Fig. 2C, lane 2) . Sequencing of the first 358 bp of the 2.3-kb product at the 5 0 end revealed 91% homology to the chromosome 17 genomic sequence of PRKARIA. Furthermore, the first 134 bases of the 358-bp sequence showed 90% and 91% homology to exon 6 of human and rhesus monkey PRKAR1A, respectively.
Quantitative Real-Time PCR Analysis to Determine Endometrial PRKAR1A and PTGS2 Transcript Levels During Early Pregnancy in Bonnet Monkeys
A 1465-fold increase was observed in the expression of PRKAR1A mRNA in endometrium of pregnant animals compared with nonpregnant animals (Fig. 3A) . The expression of PTGS2 mRNA was higher by 7021-fold in endometrium of pregnant animals compared with nonpregnant animals (Fig.  3F) .
Immunohistochemical Analysis to Determine the Expression of Endometrial PRKAR1A, PRKCA, and PTGS2 During Early Pregnancy A 1.8-fold increase was observed in the expression of endometrial PRKAR1A in glandular epithelium and stroma of pregnant animals compared with nonpregnant animals (P , 0.05) (Fig. 3B) . PRKCA also revealed 5-fold and 4-fold increases in its expression in glandular epithelium and stroma, respectively, in pregnant animals compared with nonpregnant animals (P , 0.05) (Fig. 3D) . For PTGS2 protein, 2-fold and 2.5-fold increases were observed in glandular epithelium and stroma, respectively, in pregnant animals compared with nonpregnant animals (Fig. 3G) .
Hormonal Regulation of Endometrial PRKAR1A or GG1 and PTGS2 A 1.8-fold increase was observed in the expression of endometrial PRKAR1A in stroma and glandular epithelium 2) animals (n ¼ 3 each). RNA samples from the respective animals were reverse transcribed into cDNA using V1 as the oligo dT primer. The cDNA samples were subjected to DD-RT-PCR analysis using the primers HT11G and HAP2. B) Detection of the transcripts encoding GG1 in human somatic and reproductive tissues by multiple-tissue Northern blot analysis. C) A representative image demonstrating RT-PCR analysis for detection of GG1 transcript in the endometria of pregnant (P) and nonpregnant (NP) bonnet monkeys. The RT-PCR analysis was carried out by amplification of cDNAs transcribed from RNA samples collected from four animals in each group. Lane M contains 100-bp DNA molecular weight markers.
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during the proliferative phase compared with that in the midsecretory phase of nonpregnant bonnet monkeys (Fig. 3B) . This implies that either estradiol or loss of progesterone action probably induces an in vivo increase in the expression of endometrial PRKAR1A in bonnet monkeys. In vitro experiments demonstrated up-regulation in the expression of GG1 mRNA and PRKAR1A protein (13-fold; P , 0.05) in human endometrial explant cultures treated with estradiol (Fig. 4 , A and C), thereby suggesting that the expression of PRKAR1A is indeed regulated by estradiol. Although hCG, one of the embryonic factors, alone could also up-regulate PRKAR1A protein expression by 4.2-fold, it had no effect on GG1 mRNA expression. Furthermore, the combination of hCG and estradiol caused a 10-fold increase (P , 0.05) in the expression of PRKAR1A protein, although this increase in PRKAR1A was slightly less than the increase caused by estradiol alone. Progesterone alone did not induce any alteration in the expression of PRKAR1A in endometrial explants (data not shown). An additional band of 800 bp detected using the same primers that were used for the bonnet monkey RT-PCR experiments was found to be nonspecific by sequencing analysis.
The expressions of transcript and protein encoded by PTGS2 were found to be up-regulated (6.8-fold; P , 0.05) by estradiol in human endometrial explants cultures (Fig. 4, B  and D) . The hCG did not elicit any significant effect on the expression of PTGS2 mRNA (data not shown) or PTGS2 protein. However, when given in combination with estradiol, hCG exhibited a 4.6-fold increase (P , 0.05) in the expression of PTGS2 protein (Fig. 4, D [j] ).
DISCUSSION
Various pathways occupying strategic niches in the functional networks are believed to be triggered by hormones and embryonic stimuli in gestational endometrium to facilitate implantation. Mapping these pathways is essential to unravel the complexities of implantation and to identify the causes of implantation-related infertilities such as recurrent spontaneous abortions and repeated in vitro fertilization failures. In recent times, investigators have relied on high-throughput molecular biology tools such as microarray analysis, subtractive hybridization, and DD-RT-PCR to obtain a global picture about the genes involved in endometrial receptivity [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . There have been some efforts to investigate the superimposition of endometrial receptivity by embryonic influences in various species. Studies [9, 10, 17] undertaken to deconstruct these pathways in rodents and ruminants have been very informative; in primates, these pathways have yet to be unraveled, especially those that become functional during very early stages of pregnancy.
In an attempt to scan the endometrial RNA profile for the identification of molecules that are expressed differentially during early pregnancy (i.e., before embryo attachment or invasion), the mRNA display approach was used in the present study. Several cDNA fragments showing differential expression were detected in gestational endometrium; for the present study, we chose to focus our attention on a partial cDNA of 567 bp encoding PRKAR1A (named GG1). This fragment was found to have higher expression in endometrium of bonnet monkeys during early pregnancy. To our knowledge, there are no data suggesting modulation in the expression of endometrial PRKAR1A during early pregnancy in primates. The GG1 fragment was found to contain an intronic sequence of 258 bp belonging to the 3 0 end of intron 6 of PRKAR1A. The rest of the fragment contained exons 7, 8, and 9 and part of exon 10. The absence of introns 7, 8, and 9 and the presence of intact exons 7, 8, and 9 indicated that GG1 did not originate from heterogeneous nuclear RNA or unprocessed transcript   FIG. 2 . Characterization of the upstream region of GG1. A) Alignment of GG1 cDNA with PRKAR1A cDNA. B) Alignment of GG1 and genomic PRKAR1A sequences and the regions used for deducing the sequences of the primers utilized for amplification of the 2.3-kb region containing intron 6 and exon 6. C) Amplification of the 2.3-kb region spanning intron 6 and exon 6 of GG1 using Dg5 and Dg6 primers (lanes 3  and 4) . Genomic DNA (lane 1) was used as a positive control and endometrial cDNA (lane 2) as a negative control for amplification with the primers spanning intronic regions of IGF2. Lanes 6 and 7 indicate DNA molecular weight markers. Chr, chromosome.
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(PRKAR1A). Additional primers deduced from the 5 0 end of exon 6 and the 3 0 end of intron 6 of PRKAR1A yielded a RT-PCR product of 2.3 kb. This again suggested the presence of intronic sequences in the PRKAR1A transcript. Partial sequencing of this product at the 5 0 end revealed the presence of entire exon 6 and a 224-bp sequence of intron 6. These observations indicated the possibility that GG1 was a differentially or aberrantly spliced transcript of PRKAR1A. However, it remains 
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to be established whether it is the intron-containing transcript or the intronless mature transcript that gives rise to functional PRKAR1A protein.
PRKAR1A is a major component of PKA, a cAMPdependent serine threonine kinase. PKA is known to be involved in several cellular pathways such as metabolism, ion transport, cell division, cell differentiation, and gene transcription [44] . Considering that all these events may take center stage in anticipation of embryo arrival, higher expression of endometrial PRKAR1A and PRKCA in endometrium seems to be relevant in the functional context of early pregnancy.
We were intrigued by the presence of intronic sequences in the GG1 cDNA fragment showing complete homology to the corresponding sequences in the PRKAR1A gene. Studies [45, 46] indicate the presence of alternatively spliced variants of PRKAR1A that are transcribed using alternate promoters. Another study [47] demonstrates the presence of the transcript expressed specifically in postmeiotic germ cells of testis. When multiple-tissue Northern blot was probed with the GG1 fragment in the present study, the transcript of 3.0 kb was detected in somatic and reproductive tissues. An additional 1.5-kb transcript was detected in all tissues, although its intensity was maximal in testicular and prostrate RNAs. These results were in corroboration with an earlier study [48] . Although this reaffirmed that the transcript encoding GG1 indeed was from the PRKAR1A gene, an expected larger transcript of approximately 5.0 kb (because of the addition of the 2-kb intronic sequence to the transcript) was not detected in the Northern blot. This raised the suspicion that larger transcripts contain intronic sequences that are either rapidly degraded after synthesis or are present in amounts below the detection limit of Northern blot analysis. It would be relevant to investigate whether any change in the splicing mechanisms occurs because of an altered cellular milieu during pregnancy.
The availability of commercial antibodies to PRKAR1A and PRKCA prompted us to analyze the expression levels of both subunits of PKA during early pregnancy in bonnet monkeys. The expressions of immunoreactive endometrial PRKAR1A and PRKCA were found to be up-regulated in glandular epithelium and stroma of bonnet monkeys during early pregnancy in the present study. PRKAR1A was found to be localized in cytoplasm and in nucleus, an observation also reported by others [49] . It has been proposed that the regulatory subunit of PKA facilitates nuclear transport of RFC40, the second subunit of replication factor C, and this transport is postulated to be crucial for cell cycle progression from G 1 phase to S phase [50] .
Evidence indicates higher expression of PRKAR1A in a variety of human and rodent neoplasms, implicating its role in tumorogenesis and in cell cycle regulation, growth, and/or proliferation [44] . Our previous investigations demonstrated altered expression of estrogen-responsive genes such as estrogen receptor alpha in bonnet monkey endometrium during early pregnancy [24] . This is in contrast to sheep, in which loss of estrogen receptor alpha was observed during the periimplantation period [17] . Lower levels of estrogen for sustained periods have been found to support implantation in mice [51] . In bonnet monkeys, the pregnancy rate was also found to be compromised if treated with antiestrogen antibody or antiestrogen chemicals [52, 53] . These observations and the results of our study suggest that (unlike in ruminants) estrogenic influences become operative during early stages of pregnancy in primates. In view of this, the identification of a subunit of PKA that was differentially expressed during early pregnancy is a notable finding. PKA is known to phosphorylate estrogen receptor alpha on serine 236 within the DNA-binding domain [54] . It is likely that the increased expression of PKA contributes to the increased activity of estrogen receptor. The increased expression of endometrial PRKAR1A during the proliferative phase compared with the midsecretory phase in bonnet monkeys also suggests the possibility that PRKAR1A or GG1 expression is regulated by estradiol. In vitro findings also lend credence to the possibility of that PRKAR1A is an estrogen-regulated gene. The present study is the first report to date of estradiol regulation of endometrial PRKAR1A.
One of the key functions of the PKA pathway is to regulate the process of decidualization of endometrial stromal cells [55] [56] [57] . Decidualization involves conversion of endometrial stromal cells into large oval decidual cells with foamy cytoplasm [58] . It has been reported that during decidualization interleukin 1 beta induces the expression of PTGS2, an enzyme involved in prostaglandin E2 (PGE2) synthesis through the PKA pathway [59] . This prompted us to investigate the expression of endometrial PTGS2 during pregnancy in bonnet monkeys. The expression of endometrial PTGS2 was significantly higher during pregnancy. It was also notable that we observed increased in vitro expression of PTGS2 and PRKAR1A in endometrial explants on stimulation with estradiol and increased in vivo expression of PRKAR1A and PTGS2 on Day 6 of pregnancy in bonnet monkeys.
Up-regulation in the expression of PTGS2 during early pregnancy has been documented in mouse, bovine, ovine, and baboon species [60] [61] [62] [63] . An in vitro increase in endometrial PTGS2 expression on stimulation with estradiol is in disagreement with studies [64, 65] suggesting regulation of endometrial PTGS2 by progesterone. We also observed downregulation in the expression of PTGS2 protein in antiprogestintreated bonnet monkeys [8] . A single study by Uotila et al. [66] indicates increased expression of PTGS2 in human endometrium in the proliferative phase compared with that in the midsecretory phase, thereby suggesting a progesterone-mediated decrease in PTGS2 expression. It is likely that estradiol induces the expression of PTGS2 in human endometrium only when it is primed by progesterone. It should be noted that the endometrial tissues used for in vitro cultures herein were collected in the midsecretory phase.
Studies [67, 68] have shown that hCG also regulates the expression of PTGS2 in human endometrium. It has been postulated that hCG stabilizes the PTGS2 transcript without causing any change in the transcriptional rate of the PTGS2 gene. Our in vitro studies corroborate this observation. We found no significant change in the levels of PTGS2 transcripts, although a modest increase was observed at the protein level in endometrial explants treated with hCG alone. We also observed suppression of the ''estradiol alone''-induced increase in PTGS2 expression in endometrial explants treated with a combination of hCG and estradiol. The significance of this regulation is a subject for future research.
We hypothesize that estradiol regulates PTGS2 expression and that this probably involves the PKA pathway during early pregnancy. Although the source of estrogen in the uterine milieu during early pregnancy is a subject of conjecture, evidence suggests that the embryo could itself be one of the sources of local estrogen. Increased expression of PTGS2 and PKA was observed in gestational endometrium in vivo and in estradiol-treated endometrium in vitro. It has been observed that priming by estradiol is required for progesterone action during stromal cell differentiation [69] . Prostaglandins produced because of PTGS2 stimulation can also increase cell proliferation and decrease apoptosis [70] . Therefore, this alternate pathway may become functional during the early stages of decidualization in which stromal cells undergo a wave of proliferation. In accordance, we have observed an increase in stromal cell proliferation during early pregnancy in bonnet monkeys [24] . The present study revealed that pregnant bonnet monkeys had higher expression of PTGS2 in endometrial stroma. However, the role of PTGS2 in glandular epithelium is more sketchy. It is plausible that PGE2 produced by PTGS2 may regulate glandular epithelial cell survival by inhibiting apoptosis [71] [72] [73] . PGE2 synthesized from PTGS2 is also known to promote invasion of endometriotic glandular cells [73] . It is possible that PGE2 produced by glandular epithelial cells during early pregnancy may help incoming embryonic cells to invade glandular epithelium without killing these cells.
In conclusion, the present study reports increased expression of catalytic and regulatory subunits of PKA in primate endometrium during early pregnancy. This study also highlights the importance of estrogenic influences during the early stages of pregnancy in which no firm attachment exists between the conceptus and uterine endometrium. Further insights into the estrogen-mediated signaling events may enhance our knowledge about the mechanisms of repeated in vitro fertilization failure and unexplained infertility in humans.
